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RECENT PROGRESS IN HEAVY QUARK PHYSICS
MARK B. WISE
Theoretical Physics, Caltech, Pasadena, CA 91125, USA
E-mail: wise@theory.caltech.ed
Some of the recent progress in heavy quark physics is reviewed. Special attention is paid to inclusive
methods for determining Vub and factorization in nonleptonic B¯ decays. Theoretical predictions for
t¯t production near threshold are also discussed.
1 Model Independent Predictions
Since QCD cannot be solved exactly ev-
ery theoretical prediction of the properties
of hadrons containing one or more heavy
quarks involves approximations of some kind.
Much of the theoretical progress in the last
ten years has arisen from treating the heavy
quark mass mQ as large and expanding in
ΛQCD/mQ and αs(mQ). In this talk ΛQCD
denotes a nonperturbative quantity of order
the scale at which QCD becomes strongly
coupled. Some such quantities are: fpi ∼
140 MeV, mρ ∼ 770 MeV and m2K/ms ∼
2 GeV. Clearly with mc ∼ 1.5 GeV and
mb ∼ 4.8 GeV we cannot have complete con-
fidence in the first few terms of such expan-
sions. Experimental guidance is needed to
see in which cases they work. Notice that
m2K/ms is quite large. Sometimes expres-
sions containing this factor are said to be chi-
rally enhanced. But this is misleading. The
ratio m2K/ms is finite as ms → 0 and is not
enhanced parametrically compared with the
other two quantities. It is just of order ΛQCD.
In fact if you were to ask a very bright the-
orist who knows nothing about experimental
dataa which of these three quantities is large
he (or she) would pick fpi because it goes to
infinity in the large number of colors limit
while the other two stay fixed.
A similar situation holds for lattice QCD.
There one works at finite spatial volume with
a finite lattice spacing. To treat the heavy
aIt is not hard to find such an individual. Almost
any young string theorist will do.
quarks dynamically (i.e. no ΛQCD/mQ ex-
pansion) we need 1/a ≫ mQ, where a is
the lattice spacing. To take into account
the long distance nonperturbative effects one
needs L ≫ 1/ΛQCD, where L is the length
of a spatial dimension. Combining these,
the number of lattice sites in one dimen-
sion N = L/a must be much larger than
ξQ = mQ/ΛQCD. Numerically, with ΛQCD
set equal to 200 MeV, ξc ∼ 8 and ξb ∼ 24.
Lattice QCD predictions for heavy quark sys-
tems use an expansion in ξQ/N .
It is also important to remember that
many predictions also rely on ”lore”. Ap-
proximations we believe are valid at some
level but for which we don’t understand how
to quantify the corrections to. For example,
”local” duality, which is used for making pre-
dictions for inclusive B¯ and Λb decays (e.g.
lifetimes). The quenched approximation in
lattice QCD also falls into this category.
In this talk I restrict the references that
I give to papers that appeared in the year
2000 or later. Even with this strong cut the
number of papers cited will exceed 20.
2 |Vub| from Inclusive B¯
Semileptonic Decay
Predictions for inclusive B¯ → Xeν¯e differen-
tial decay rates are made using the operator
product expansion (OPE) and the ΛQCD/mQ
expansion. The fully differential decay rate is
d3Γ/dEedEν¯edq
2, where q = pe + pν¯e . Usu-
ally one considers single variable distribu-
tions formed by integrating this over two of
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its variables (e.g. the electron energy distri-
bution dΓ/dEe). Even after integrating over
two of the kinematic variables not all regions
of phase space can be predicted using the
first few terms in the operator product and
ΛQCD/mQ expansions. Intuition about when
one runs into trouble by focusing on the first
few terms of the OPE can be gained from
some simple kinematic considerations.
At fixed mX the minimum value of q
2 oc-
curs when the electron and neutrino are par-
allel and X recoils against them. The maxi-
mum value of q2 is (mB−mX)2 and it occurs
for the configuration where the state X is at
rest and the electron and its anti-neutrino are
back to back. Removing the fixed mX con-
straint the region
(mB −mD)2 ≤ q2 ≤ m2B, (1)
must come from the b→ u transition.
At fixed mX the minimum value of the
electron energyEe is zero while the maximum
value is (m2B −m2X)/(2mB). The maximum
value of the electron energy occurs (formX 6=
0) when the neutrino carries no energy and
the electron and the hadron X are back to
back. Removing the fixed mX constraint the
region
(m2B −m2D)/(2mB) ≤ Ee ≤ mB/2, (2)
must come from the b→ u transition.
Physically it is clear that for a rapidly re-
coiling states X differential decay rates that
are dominated by the region of final hadronic
masses ∆m2X ∼ ΛQCDmB are very sensi-
tive to nonperturbative QCD and will not
be calculable using a few terms in the OPE.
On the other hand for final hadronic states
that are almost at rest this sensitivity to
nonperturbative physics occurs for the region
∆mX ∼ ΛQCD. These regions of hadronic
invariant mass correspond in the first case to
Ee within ΛQCD of the endpoint and in the
second case q2 within mBΛQCD of the end-
point.
Bauer, Ligeti and Luke noted1,2 that this
is good news for using a measurement of the
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Figure 1. The fraction of b → u events in the region
q2 ≥ q2
0
plotted as a function of q2
0
q2 spectrum to get |Vub|. Since 2mBmD ≫
mBΛQCD a prediction for, F (q
2
0), the frac-
tion of b → u events expected in the region
q2 ≥ q20 , can be made using the first few
terms in the OPE. The b to u mixing angle
can be extracted from a measurement of the
branching fraction of events in that region,
B(B¯ → Xueν¯e)|q2>q2
0
, using
|Vub| = 3.04×10−3
(
B(B¯ → Xueν¯e)|q2>q2
0
0.001× F (q20)
) 1
2
.
(3)
Figure (1) shows a prediction for F (q20) plot-
ted as a function of the cut q20 . The dashed
line indicates the cut q20 = (mB − mD)2 =
11.6 = GeV2, which corresponds to F =
0.178. Perturbative effects of order α2sβ0 and
the nonperturbative effects characterized by
Λ¯, λ1 and λ2 have been included in this pre-
diction for F (q20). These nonperturbative pa-
rameters occur in any prediction for inclu-
sive B¯ decay. The values, Λ¯ = 0.35 ± 0.13
and λ1 = −0.238 ± 0.11 have recently been
extracted by the CLEO collaboration3 from
experimental data on the hadronic mass dis-
tribution in B¯ → Xceν¯e and the photon en-
ergy spectrum in weak radiative B¯ decay. It
may be possible to reduce the theoretical un-
certainties and increase the amount of phase
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Figure 2. Feynman diagram used to determine the
contribution of four quark operators to the OPE for
the semileptonic decay rate. Im denotes that it is the
imaginary part that is relevant.
space considered by combining cuts4 in q2
and m2X .
Even though effects of dimension five op-
erators have been included in the prediction
of F (q20) there is still a significant uncer-
tainty from even higher dimension operators.
Voloshin has recently stressed the possible
importance of the dimension six four quark
operators5. A calculation of the imaginary
part of the Feynman diagram in Figure (2)
reveals that they contribute(
δΓ
ΓSL
)
(B¯ → Xueν¯e) ≃
(
4pifB
mB
)2
(B1−B2)
(4)
to the semileptonic rate. In the above equa-
tion the dimensionless parameters B1,2 deter-
mine the matrix elements of the two relevant
four-quark operators. Explicitly,
〈B¯|(b¯LγµuL)(u¯LγµbL)|B¯〉 = B1 f
2
BmB
8
, (5)
and
〈B¯|(b¯RuL)(u¯LbR)|B¯〉 = B2 f
2
BmB
8
. (6)
Note that in the vacuum insertion ap-
proximation B1 = B2 = 1 and the effect of
these four quark operators vanishes. It is easy
to understand why this is the case. In the
vacuum insertion approximation the b quark
and anti-up quark on the left side of Figure
(2) must be in the initial state B¯ meson. So
the calculation reduces to the square of the
amplitude for B¯ → eν¯e which vanishes when
the electron mass is neglected.
Numerically(
δΓ
ΓSL
)
≃ 0.02
(
fB
0.2GeV
)2 (
B1 −B2
0.1
)
,
(7)
so if B1 − B2 ∼ 0.1 these operators con-
tribute about 2% to the semileptonic rate.
But note that this contribution corresponds
to the kinematic situation where the elec-
tron and anti-neutrino have energies about
half the B mass and the final hadronic state
has low mass and low energy of order ΛQCD.
Consequently their contribution is concen-
trated in the region q2 ≥ (mB − mD)2. If
20% of the q2 spectrum comes from this re-
gion then, for B1 − B2 ∼ 0.1 , these oper-
ators cause at least a 5% uncertainty in the
extraction of |Vub| from the q2 spectrum. It is
possible we will learn about the importance of
these four quark operators from experimental
data. For example, they give different contri-
butions to charged and neutral B semilep-
tonic decay.
The endpoint region of the electron en-
ergy spectrum also comes from the b → u
transition. However the rate in this region
is probably not dominated by the first few
operators in the OPE. The effects of opera-
tors that dominate in a region ∆Ee ∼ ΛQCD
of the endpoint can be summed into a shape
function. Neglecting perturbative QCD ef-
fects and effects suppressed by ΛQCD/mb,
dΓSL
dxb
=
G2F |Vub|2m5b
96pi3
SSL(xb) (8)
where xb = 2Ee/mb and
SSL(y) = 〈B¯(v)|b¯vθ(1−y+in·D/mb)bv|B¯(v)〉
(9)
with n a light-like four-vector and D a covari-
ant derivative. So to determine |Vub| from
the endpoint of the electron energy spec-
trum one needs to know the integral of SSL
over the endpoint region. Fortunately the re-
quired integral can be determined from the
photon energy spectrum in weak radiative B¯
decay. Again neglecting perturbative effects
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and terms suppressed by ΛQCD/mb,
dΓWR
dxb
=
G2Fα|C(0)7 |2|V ∗tsVtb|2m5b
32pi4
SWR(xb)
(10)
where C
(0)
7 = −0.31 is the leading order Wil-
son coefficient of the transition magnetic mo-
ment operator in the effective Hamiltonian
for weak radiative decay and SWR is the
shape function appropriate to weak radiative
decay,
SWR(y) = 〈B¯(v)|b¯vδ(1−y+in·D/mb)bv|B¯(v)〉.
(11)
The two shape functions are not equal. How-
ever, it is easy to derive a relationship be-
tween the two since
dθ(1−y+in·D/mb)/dy = −δ(1−y+in·D/mb).
(12)
Using equation (12) yields∫
x
dy(y − x)SWR(y) = −
∫
x
dy(y − x)dSSL(y)
dy
=
∫
x
dySSL(y) (13)
so a weighted integral of the weak radia-
tive decay shape function is equal to the
integral of the semileptonic shape function.
Putting these results together and noting
that, |V ∗tsVtb|2 ≃ |Vcb|2, gives
|Vub|2
|Vcb|2 =
3α|C(0)7 |2
∫
x(dΓSL/dy)dy
pi
∫
x
(y − x)(dΓWR/dy)dy
+ O(αs) +O(ΛQCD
mb
) (14)
It is important to include the perturbative
corrections. They are singular in the end-
point region, but the most singular pieces
can be resumed6. Including them changes
the weighting function in the formula above.
At this order the other operators in the ef-
fective Hamiltonian also enter7. All together
the perturbative effects result in about a 10%
increase in the value of |Vub| over what equa-
tion (14) would imply.
Unknown order ΛQCD/mb corrections
naively imply about a 5% theoretical uncer-
tainty in the value of |Vub| extracted in this
wayb. There are also additional uncertainties
from possible violations of duality. For ex-
ample, if the endpoint region of the electron
spectrum is dominated by just the pi and ρ
final states I would be very suspicious of the
use of results based on the OPE. Even within
the OPE approach higher dimension oper-
ators may give effects that are larger than
the naive 5% estimate. For example, if 10%
of the semileptonic b → u events are be-
yond the endpoint energy cut at 2.3 GeV and
B1 − B2 ∼ 0.1 then the dimension six four
quark operators induce a 10% uncertainty in
the determination of |Vub| with this method.
If the inclusive semileptonic b → u rate
is measured without making any cuts that
restrict you to regions of phase space where
higher dimension operators are important
then |Vub| can be determined with small theo-
retical uncertainty. However, it is difficult to
imagine that being done with the large b→ c
background. The LEP groups report mea-
surements of the totally inclusive rate. For
example, the OPAL collaboration reports8
B(B¯ → Xueν¯e) = (1.6 ± 0.8) × 10−3 giving
|Vub| at the 25% level. It is not completely
clear to me what region of phase space is em-
phasized to remove the b → c background,
but if it is the low hadronic invariant mass
region then there is a sizeable theoretical un-
certainty because the rate in this region is
not given by the lowest dimension operators
in the OPE.
In the future I am hopeful that |Vub| will
be known at the 5 − 10% level. Confidence
in the precision will come from consistency
between several different model independent
methods used to determine it. This includes
predictions for exclusive decays from Lattice
QCD which are likely to also play an impor-
tant role in this program.
bThis estimate is not more sophisticated than the
methods used by my doctor for my back problem.
You take ΛQCD ∼ 500 MeV and mb ∼ 5GeV imply-
ing a 10% uncertainty in equation (14) or equivalently
a 5% uncertainty in the value of |Vub|.
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3 Factorization for B¯ → D(∗)X
Exclusive nonleptonic K and D weak decays
have proven to be very difficult to under-
stand using systematic methods. In kaon de-
cays there is the factor of twenty enhance-
ment of ∆I = 1/2 amplitudes, that has no
simple explanation but rather is thought to
come from several different sources of en-
hancement. Working on this subject has ru-
ined many a promising career in theoretical
physics. My advice to graduate students has
always been: If you drink from the nonlep
tonic your physics career will be ruined and
you will end up face down in the gutterc.
However, in B decays it seems clear that
in some situations a systematic approach
to understanding nonleptonic decay ampli-
tudes is possible. For decays of the form
B¯ → D(∗)X where X is a low mass hadronic
state there is a strong theoretical argument,
valid to all orders in perturbation theory9,
that factorization is the leading term in the
systematic expansion of these amplitudes in
powers of ΛQCD/mQ and αs(mQ). Further-
more the perturbative corrections are com-
putable.
The effective Hamiltonian for Cabibbo
allowed B¯ → D(∗)X nonleptonic decays is
H = 4GF√
2
V ∗udVcb [C0(µ)O0(µ) + C8(µ)O8(µ)]
(15)
where
O0 = c¯Lγ
µbLd¯LγµuL (16)
and
O8 = c¯Lγ
µTAbLd¯LγµT
AuL. (17)
The Wilson coefficients C0(µ) and C8(µ) are
known at the next to leading logarithmic
level. It is convenient to introduce,
Cˆ0 = C0 +
αs(µ)
18pi
[−6ln(µ2/m2b) +B]C(0)8 .
(18)
cI believe that the phrase ”drinking the nonlep tonic”
was originally introduced by H. Lipkin
b c
du
g
Figure 3. One loop Feynman diagram that con-
tributes to the order αs correction to factorization.
It has an imaginary part.
Here I have moved some universal corrections
to matrix elements into the coefficient so that
Cˆ0(µ) is independent of the subtraction point
µ at the next to leading logarithmic leveld.
In equation (18) B is a scheme dependent
constant. The factorization formula for the
decay amplitudes we are considering is,
〈D(∗)X |H|B¯〉 = 4GF√
2
V ∗udVcbCˆ0(mb)Mˆ
+ O(αs) +O(ΛQCD
mb
), (19)
where
Mˆ = 〈D(∗)|c¯LγµbL|B¯〉〈X |u¯LγµdL|0〉. (20)
The matrix element 〈D(∗)|c¯LγµbL|B¯〉 is
measured in semileptonic B¯ decay while the
matrix element 〈X |u¯LγµdL|0〉 is often known
from experiments involving X . For example,
when X is a pion that matrix element is char-
acterized by the pion decay constant which
determines the charged pion lifetime.
The order αs(mb) perturbative QCD cor-
rections have been calculated10. The situa-
tion here is much like the Brodsky, Lepage
formalism for exclusive processes (e.g. the
pion electromagnetic form factor Fpi(Q
2).)
The order αs(mb) correction is expressed as
a hard scattering amplitude convoluted with
the light cone distribution for X . Using
φpi(x) = 6x(1 − x) it corrects the B¯ → Dpi
dIt has a very small residual subtraction point depen-
dence.
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amplitude by the factor 0.014 + 0.014i. It is
small because it is suppressed by 1/N2c . No-
tice that there is a calculable imaginary part.
That is not surprising. One loop Feynman di-
agrams like that in Figure (3) where a gluon
goes between the charm quark and one of the
quarks that goes into the pion contribute to
this correction and they clearly have an imag-
inary part.
One important difference between B¯ →
D(∗)X and the pion electromagnetic form
factor is that at leading order the large mo-
mentum transfer is provided by the weak
Hamiltonian and not by a hard gluon. This
avoids the familiar problem with the pion
electromagnetic form factor. It takes quite
large momentum transfers before nonpertur-
bative effects are small enough that the ex-
pression for Fpi(Q
2) in terms of a hard scat-
tering amplitude convoluted with pion light
cone distributions is valid. For these large Q2
Fpi(Q
2) is too small to be measured.
Its interesting to note that for final
states X with spin greater than one the
leading factorized amplitude vanishes, but
at order αs(mb) there will be a calculable
contribution11. Unfortunately there will also
be incalculable order ΛQCD/mQ contribu-
tions as well.
For B¯0 → D(∗)+X−, when the low mass
hadronic final state X is a pi or a ρ, factoriza-
tion has been checked at the 5% level (in the
matrix elements). Some nonperturbative cor-
rections are expected to grow with the mass
of X and should be suppressed by mX/EX .
It would be interesting to detect these cor-
rections. One approach is to use many body
final states where the X invariant mass can
be varied12. The very accurate τ decay
data13 can be used to measure 〈X |u¯LγµdL|0〉
for multibody final states X and combin-
ing this result with semileptonic B¯ decay
one gets the prediction of factorization for
B¯0 → D(∗)+X−. This can be compared with
B¯0 → D(∗)+X− decay data over a range of
mX . Since, mτ/EX ∼ 0.7, is not small non-
perturbative corrections may be observable
over the range of mX that τ decay data can
probe. A plot of the prediction of factoriza-
tion (using τ decay and B¯ semileptonic de-
cay data) along with the B¯0 decay data is
shown in Figure (4) for the differential decay
rate dΓ(B¯0 → D∗+pi+pi−pi−pi0)/dm2X . The
factorization prediction is shown as squares
and the B¯0 decay data is shown with trian-
gles. At the present time there is no evidence
for violations of factorization that grow as
mX increases, but much higher precision data
should be available in the future.
One problem with this comparison, that
might arise as the B decay data gets more
precise, is that the pi+pi−pi−pi0 final state can
arise not just from the weak current u¯LγµdL.
Three pions can be produced off the weak
current and an excited D from the b → c
current which then decays to D∗pi giving the
four-pion final state. One way to test the
importance of this process is to measure
R0− =
Γ(B¯0 → D∗0pi+pi+pi−pi−)
Γ(B¯0 → D∗+pi+pi−pi−pi0) . (21)
The final state pi+pi+pi−pi− cannot come from
the weak current u¯LγµdL, since its total
charge is neutral and this current produces a
final state with charge−1. Experimentally14,
R0− = 0.17± 0.04± 0.02 and R0− ≤ 0.13 at
90% in the region m2X ≤ 2.9GeV 2.
Factorization predicts that
Γ(B− → D0pi−)
Γ(B¯0 → D+pi−) = 1 +O(
ΛQCD
mQ
). (22)
The process where the spectator quark in the
B− goes into the pi− is an order ΛQCD/mQ
correction. A naive estimate suggests that
the ΛQCD/mQ suppression is not effective
(it is compensated by other factors like
the ratio fD/fpi, which is formally of order
(ΛQCD/mc)
1/2 but is actually expected to be
greater than unity). However, one might still
expect this ratio to be very near unity since
the amplitude where the spectator quark goes
into the pion is color suppressed. Experimen-
tally the above ratio 1.8± 0.3.
lpw: submitted to World Scientific on October 30, 2018 6
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Figure 4. Factorization prediction for dΓ(B¯0 →
D∗+pi+pi−pi−pi0)/dm2
X
(the squares) compared with
B decay data (the triangles)
Similarly the amplitude for Γ(B¯0 →
D0pi0) should be suppressed by ΛQCD/mQ.
Unfortunately these suppressed terms can-
not be computed. Two recent measurements
are15,16: B(B¯0 → D0pi0) = [2.7± 0.3± 0.6]×
10−4 and B(B¯0 → D0pi0) = [3.1±0.4±0.5]×
10−4.
4 Calculating B¯ →MM amplitudes
The ideas presented in the previous section
have been extended to nonleptonic B¯ decays
involving two light final states. Understand-
ing these decay amplitudes is very important
for studying CP nonconservation. There are
two approaches to this problem. The differ-
ence hinges on the effectiveness of Sudakov
suppression of the endpoint region. It’s a
little like the old debate over the validity of
the prediction using the formalism of Brod-
sky and Lepage for Fpi(Q
2) at the values of
Q2 where it is measured. One group assumes
this Sudakov suppression is effective17 and
the other arrives at a different power count-
ing since they assume it is not effective10. My
own personal preference would be to side with
the latter. One prediction of this approach
(i.e. the one where the Sudakov suppression
of the endpoint region is assumed not to be
effective) is that for these decays final state
strong phases should be small.
Unfortunately it is clear that some for-
mally suppressed effects are actually very im-
portant. They are the ones that are sup-
pressed by m2K/(msmQ) and are called chi-
rally enhanced. However, as I remarked in
the first section they are not enhanced by
any parameter of QCD. Without a complete
theory of the order ΛQCD/mQ corrections it
hardly seems systematic to include them in
the predictions that are being made. Re-
cently there have been suggestions in the lit-
erature that effects that are associated with
Feynman diagrams involving a charm loop
might not be described adequately using per-
turbation theory18,19.
It is too early to tell how useful this ap-
proach will be. It is certainly important to
better understand the effects that are clas-
sified as subleading and to find other areas
where it can be applied and tested. One re-
cent example, is the exclusive weak radiative
decay20,21 B¯ → K∗γ.
5 Nonrelativistic Q¯Q Systems
The top quark is the heaviest quark that
has been observed. Over the last couple of
years there has been important progress in
our ability to predict the behavior of the
e+e− → t¯t cross section near threshold. Sev-
eral scales are important in this problem and
that is what makes it difficult. If we neglect
the weak interactions then toponium states
would exist and the lowest lying states would
be characterized by a relative velocity for the
heavy quarks of magnitude v. The relevant
physical scales are: mt, mtv and mtv
2. For
v = 0.15 these scales are 175 GeV, 26 GeV
and 3.9 GeV. With such a large difference
between scales it is important to sum loga-
rithms of the ratios of these scales. This is
the only way one knows where to put the ar-
gument of the strong coupling and clearly αs
varies dramatically between these scales. In
the threshold region the cross section to t¯t
lpw: submitted to World Scientific on October 30, 2018 7
For Publisher’s use
346 347 348 349 350 351 352 353 354!!
s HGeVL
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
Q t2
Rv
LL, NLL, NNLL
Figure 5. Prediction for R using renormalization
group summation of logarithms of o v. At each order
the plots are for ν = 0.1, 0.125, 0.2, 0.4
(divided by the cross section to µ+µ−) has
the form
R = v
∑
k,i
(αs
v
)k
(αs ln v)
i
C (23)
where
C =


1 (LL)
αs, v (NLL)
α2s, αsv, v
2 (NNLL)
(24)
The free cross section is of order v. The sum-
mation of Coulomb gluons is a power series
in αs/v and the renormalization group sum-
mation is in powers of αslnv. The logarithms
are summed by going over to an effective field
theory (NRQCD) with soft and ultrasoft glu-
ons and using different subtraction points22,
µs = mtν and µUS = mtν
2 for their inter-
actions. One can think of ν as a subtraction
point velocity.
The prediction for R using
this formalism23 is shown in Figure (5). At
each order plots are shown for the subtraction
velocity ν = 0.1, 0.125, 0.2, 0.4. The dot-
ted lines have the leading logarithms summed
(LL), the dashed lines have the next to lead-
ing logarithms summed (NLL) and finally the
solid lines are at NNLL level. The plots are
made from predictions where the top mass is
eliminated in favor of half the 1S0 toponium
mass which is taken to be 175 GeV. The
other parameters used are: αs(MZ) = 0.118
and the top width Γt = 1.43 GeV. It appears
from the apparent insensitivity to the choice
of ν that the cross section can be predicted to
the 3% level in the threshold region. If this is
the case then it may be possible to determine
the top mass at the 200 MeV level, the top
width to 5% and the higgs t¯t coupling to 20%
(for mH = 115 GeV). The top mass comes
mostly from the location of the peak, the top
width mostly from the shape and the Higgs
tt¯ coupling mostly from the normalization.
The prediction in Figure (5) is a dra-
matic improvement over previous fixed order
predictions24 where the logarithms are not
summed in any systematic fashion. These
had a fairly stable location for the peak but
otherwise did not seem to be converging as
one went from NLO to NNLO.
There are some NNLL effects, which are
thought to be small, that are not included in
Figure (5). Among these is a proper treat-
ment of the top width at this order.
6 Concluding Remarks
There was no concluding ”transparency” for
my talk at Rome but I had meant to say a few
words to put things into perspective. How-
ever, a tall, deeply tanned, well dressed Ital-
ian was hurrying me up and I decided it was
in my best interest to forgo any conclusions.
So I will take the opportunity here to write a
few words. This has not been a classic review
talk. No attempt was made to cover all the
exciting developments that have occured over
the last two years in this field. I have focused
on a few areas where very important theo-
retical progress has been made and which in
the future there will be dramatic experimen-
tal progress.
With sin 2β recently measured at fairly
high precision the next main target of the B
factories is likely to be improving our knowl-
edge of |Vub|. Remember the principal goal of
the physics program of the B factories is to
over constrain the unitarity triangle, provid-
ing a precision test of the standard model in
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the flavor sector. It doesn’t really matter in
this program whether you measure a CP vi-
olating quantity or not. The length of a side
is as good as an angle. What is really im-
portant is that precise measurements can be
made with a clean theoretical interpretation.
It is possible we are on the verge of a
systematic understanding of a wide class of
exclusive nonleptonic B decay amplitudes to
light states. Given that we have failed mis-
erably in our attempts to understand D non-
leptonic decays it would be particularly satis-
fying if the larger mass of the b-quark makes
this possible in the B system. Will the new
ideas succeed and become a well justified
quantitative tool? Its hard to say at this
point, however, more experimental and theo-
retical progress will answer this question over
the next few years.
An important part of the future of parti-
cle physics may be a very high energy linear
e+e− collider. Of course we hope that at such
a machine we will be studying the properties
of squarks, sleptons, Winos, etc. But its still
nice to see the dramatic improvement that
occured recently in our ability to predict the
t¯t production cross section near threshold and
there is some very interesting standard model
physics to be done in this energy range.
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